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Radio-frequency measurements of coherent transition and Cherenkov radiation: Implications
for high-energy neutrino detection
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We report on measurements of~11–18!-cm wavelength radio emission from interactions of 15.2 MeV
pulsed electron bunches at the Argonne Wakefield Accelerator. The electrons were observed both in a con-
figuration where they produced primarily transition radiation from an aluminum foil, and in a configuration
designed for the electrons to produce Cherenkov radiation in a silica sand target. Our aim was to emulate the
large electron excess expected to develop during an electromagnetic cascade initiated by an ultrahigh-energy
particle. Such charge asymmetries are predicted to produce strong coherent radio pulses, which are the basis
for several experiments to detect high-energy neutrinos from the showers they induce in Antarctic ice and in
the lunar regolith. We detected coherent emission which we attribute both to transition and possibly Cherenkov
radiation at different levels depending on the experimental conditions. We discuss implications for experiments
relying on radio emission for detection of electromagnetic cascades produced by ultrahigh-energy neutrinos.

PACS number~s!: 41.75.Fr, 98.70.Sa, 41.60.Bq
-
y
th
on

a
in
th
v

ot
o

d

r
er
e

s

e-
nt

o
es
re
io
E

kh
di
m
to

cade

uce
ntil

h a
ere
rre-
n-
r, a
ces
to
dio
me-

ed
rget
ting
cas-
io-

ns
a-
one
ch

erse

axi-

the
I. INTRODUCTION

In 1962, Askaryan@1# first predicted that large electro
magnetic particle cascades would develop an asymmetr
electrons over positrons at the level of 20–30 % due to
following processes: Compton scattering of atomic electr
in the target material by cascade photons,d-ray scattering
processes, and annihilation of positrons in flight. Askary
realized that the propagation of this charge asymmetry
dielectric medium should result in radio emission due to
processes of Cherenkov and transition radiation. For wa
lengths much larger than the shower dimensions, he n
that the radio emission would be coherent, i.e., the electr
radiate in phase, with a resultingNe

2 increase in the radiate
power with the number of excess electronsNe , in contrast
with a linear rise expected from incoherent emission.

Recently this suggestion has generated renewed inte
both on experimental and theoretical fronts. On the exp
mental side, it has become the basis for a number of n
searches for radio-frequency~RF! emission from cascade
induced by ultrahigh-energy neutrinos—at PeV energies
Antarctic ice@2–5# and at EeV energies from the lunar r
golith @6–10#. On the theoretical side, a number of rece
very detailed simulations@6,11–13# have validated Askary-
an’s basic result: Particle cascades at energies from;1 TeV
up to 1020 eV will develop a net negative charge excess
order 20–30 % of their total charged-particle number. Th
simulations also confirm Askaryan’s prediction of a cor
sponding nanosecond pulse of radio Cherenkov emiss
with a characteristic frequency and angular dependence.
tending Askaryan’s original idea, Markov and Zhelezny
@14# have also shown that a number of other coherent ra
tion processes, such as transition, synchrotron, and bre
strahlung radiation, are likely to be important contributors
PRE 621063-651X/2000/62~6!/8590~16!/$15.00
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the total emission from cascades depending on the cas
medium, ambient fields, and geometry.

A. Experimental tests

Under typical conditions, none of these processes prod
radio emission comparable to that of other passbands u
the energy of the cascades exceeds;1015 eV. Thus a direct
accelerator beam test of these predictions is difficult. Suc
test could be made with existing TeV proton beams wh
observations of radio emission, though expected to be co
spondingly weak and difficult to characterize, would demo
strate the existence of the charge asymmetry. Howeve
failure to detect radio emission under these circumstan
might be attributable to either a failure of the shower
produce the predicted charge asymmetry, or a loss of ra
coherence in the emission process after the charge asym
try has developed.

As an alternative experimental approach, we have utiliz
lower-energy pulsed electron bunches incident on a ta
material. The electron bunch then emulates the resul
charge asymmetry from the late stages of a high-energy
cade, and allows one to focus experimentally on the rad
emission process. Simulations have shown@11# that the bulk
of the radio-emission arises from low-energy electro
(<10 MeV) produced late in the shower. Thus investig
tions of the coherent radio-emission properties can be d
with fairly modest electron energies, provided that the bun
length is at least as small as the longitudinal and transv
shower sizes expected in cascades in solid materials~several
cm!. The total number of charged particles.~which are vir-
tually all electrons and positrons near and after shower m
mum! in a cascade is to a good approximationEshower/GeV.
Hence, a given cascade energy can be simply related to
number of electrons per pulse at an accelerator.
8590 ©2000 The American Physical Society
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We have adopted this alternative approach to begin de
oping a laboratory basis for confirmation of Askaryan’s h
pothesis. Using the Argonne Wakefield Accelerator~AWA !
facility at Argonne National Laboratory, we have employ
20-50 ps pulsed electron bunches withNe.1010–1011 elec-
trons per bunch to produce coherent radio emission fr
several targets. We looked for radio emission in the 1.7–2
GHz microwave band@~11–18!-cm wavelength#. Our initial
measurements show evidence for both coherent trans
and perhaps Cherenkov radiation. In the following secti
we discuss some of the history of related measuremen
other facilities. Section II gives a summary of the theoreti
basis for the emission. In Sec. III, we describe our exp
mental setup, the measurements made, and the result
tained. We conclude the paper by considering the appl
tions of these results to coherent radio detection of neutr
induced cascades.

B. Related measurements of coherent emission
from LINAC beams

Over the past two decades, a significant effort has g
into measurements of coherent Cherenkov radiation~CR!
and transition radiation~TR! from electron linear accelerato
~LINAC ! beams. The primary motivation for these expe
ments has been the development and characterization o
herent sources of millimeter-wave and far-infrared radiati
Although several early experiments@15,16# were done at
centimeter wavelengths using continuous-beam devi
most recent work has focused on the shorter wavelength
the early cm-wave work, the detected power was attribu
to CR from air at the end of the beam pipe. No measu
ments of the coherence properties were made.

Later work@17–19# demonstrated the coherence of rad
tion observed under similar conditions, again attributing it
part to CR. Following this, a number of authors@18,20,21#
realized that the bulk of the observed radiation in such
cumstances must in fact be primarily TR, and that the Ch
enkov contribution was not easily separable given the exp
mental configurations used. This is primarily due to tw
features of these experiments. First, the Cherenkov ang
distribution in air is nearly identical to that of TR. Secon
the relatively short effective path lengths of the electr
beam in the air meant that the CR power was suppres
compared to the TR power.

II. THEORETICAL CONSIDERATIONS

As we have noted above, the primary radio-emission p
cesses that we expect to be important in our experiment
transition and Cherenkov radiation. Both of these proces
are well known and studied in the optical~for CR! and x-ray
~for TR! regimes, but the emission is not typically cohere
at these wavelengths. In addition, most CR emission is
served under conditions where the emitting region and
charged-particle track length are physically much longer t
the wavelength observed; for our accelerator experime
this condition is not satisfied and the traditional treatmen
CR through the Frank-Tamm formulation, which is obtain
when the track length is much longer than the wavelength
observation, is not valid. In the case of transition radiati
most present work centers on the use of x-ray TR as a d
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nostic for particle energies in detector systems at accelera
or in cosmic-ray detectors. A number of the approximatio
used for x-ray TR are not valid for radio emission, and o
treatment here reflects that.

A. Transition radiation

Transition radiation occurs as relativistic electrons cro
the boundaries between dielectric media. The forward an
lar spectrum of TR for passage of a single electron throug
single dielectric boundary with dielectric constants and in
ces of refractione1 ,n1 upstream ande2 ,n2 downstream is
given by @22,20#

d2WTR

dvdV
5

\a

p2

Ae2 sin2u cos2u

~12b2e2 cos2u!2
uzu2, ~2.1!

where the angleu is measured with respect to the electr
direction,b5v/c is the electron velocity, and\ and a are
Planck’s constant~over 2p) and the fine-structure constan
respectively. The factorz is

z5
~e22e1!~12b2e22bAe12e2 sin2u!

~e1 cosu1Ae2Ae12e2 sin2u!~12bAe12e2 sin2u!
.

~2.2!

The equation is written this way since the factoruz cosuu is
close to unity for most solid-vacuum interfaces. We ha
neglected the magnetic permeability of the two media si
it is unimportant for the materials in our experiment. T
quantity expressed is the total radiated energy per unit ra
frequency per unit solid angle. The dielectric constantse i are
in general complex with both refractive and absorptive co
ponents. These equations show that the TR is forwa
peaked with a characteristic angle 1/g and that the radiation
is broadband. Analogous results can be obtained for
backward emission by multiplying by the appropriate Fres
reflection coefficient. We refer the reader to the literatu
@22–24# for details.

We note that these results are derived for the case
particle traversing from2` and do not account for dece
eration of the particle at the interfaces or in the media. Th
equations contain poles at several values ofu ande2 , most
notably at the value ofu defined by

cosu5~bAe2!21, ~2.3!

which is the condition normally associated with the defi
tion of the Cherenkov angle. This has been identified as
artifact of the assumption of an infinite medium and tra
length @22,23#, but it does highlight the close association
the TR and CR processes, and the complications that aris
separating them. As a result, Eq.~2.1! does not provide a
clear theoretical distinction, which would allow us to sep
rate out the assumptions of an infinite medium and tra
length, in order to isolate the TR from the CR contributio
We discuss this issue further in the Appendix.

Another important feature of transition radiation is itsfor-
mation zone Lf @22#, which is the downstream region of th
medium over which the radiation field due to the transiti
becomes fully separated from the Coulomb field of t
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propagating charge. For fully formed TR to develop, the
electric boundary must be sharp compared to the size of
region, given by

L f5
2pbc

uv~12n2b cosu!u
. ~2.4!

This also means that any effect which disturbs the dielec
properties of the downstream medium within the format
zone will tend to suppress the full formation of TR accordi
to the equations developed above. For the case where
particle is stopped within the formation zone, the assump
used in developing the TR formalism is again not satisfi
and we expect that the TR is again suppressed. At pres
the magnitude of this expected suppression is not quant
in the literature, but we note this effect since it is likely to
important at some level in our experiment.

B. Cherenkov radiation

Cherenkov radiation from a finite electron track length
treated by Tamm@25#, and was discussed more recently
the context of coherent radiation from a LINAC beam
Takahashiet al. @20#. For electrons traversing a track o
lengthL in a medium of index of refractionn @20#,

d2WCR

dldV
5

hcan

l2 S L

l D 2

sinc2X~l,u!sin2u. ~2.5!

Here sincx[sinpx/px and

X~l,u!5
L

bl
~12bn cosu!, ~2.6!

where l is the wavelength of the radiation. The quant
expressed is the total radiated energy per unit wavelength
unit solid angle. As a result, the CR is peaked at a cha
teristic Cherenkov anglecosuC5(bn)21.

As we have noted above, the treatments of TR in
literature often contain elements that appear as limiting ca
of a Cherenkov-like contribution. In fact, similar statemen
can be made about treatments of Cherenkov radiation for
case of a finite track length. Takahashiet al. @20# have
shown that this relation can be interpreted in terms of a C
like component from the continuous portion of the tra
added to TR-like components from the end points of
track. We have not attempted to make such a distinction,
we note again the strong physical connection between
and CR.

C. Coherent emission from electron bunches

The equations presented above have not explicitly trea
the effects of coherence on the emission process. Ther
however, an extensive literature describing the cohere
properties of radiation from electron bunches@26,21,20#. As
long as the transverse size of the bunch is less than a fra
of the wavelengths observed, the electric fields of each r
ating electron add in phase and the net electric field gro
linearly with the number of electrons, implying a quadra
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growth of power. Thus forNe electrons per bunch, we expe
the total radiated energy to beNe

2 times the formulas given
above for single electrons.

This is the condition for full coherence, and it will only b
obtained in the limit where the bunch size is far smaller th
the wavelength observed. In our case, although this condi
is generally satisfied, there are corrections due to the bu
form factor which should be accounted for. This is typica
done by introducing the form factors for the longitudina
transverse, and angular emittance of the electron bunch:

P5Ne~11Nef L f Tf x!P0 . ~2.7!

HereP is the radiated power,f L , f T , f x are the longitudinal,
transverse, and angular emittance form factors, andP0 is the
single-particle radiated power@20#. The spatial form factors
can be estimated via a three-dimensional Fourier transf
of the electron distribution~here assumed to have cylindric
symmetry!; the angular form factor is somewhat more com
plex but can also be numerically evaluated if an estimate
the angular emittance of the beam is available@20#.

III. EXPERIMENT

Our experiment, although limited in part by some of t
same effects as earlier works in separating coherent TR f
CR, has been designed so that the Cherenkov angular d
bution is quite distinct from the forward-peaked TR distrib
tion. To do this, we use silica sand as our target mediu
This has the further advantage of being a more relevant
dium with respect to the ongoing high-energy neutrino e
periments, since the material is comparable in refractive
dex and RF attenuation properties to both ice and the lu
regolith. It has the disadvantage of stopping a lower-ene
electron shower relatively quickly, and this tends to weak
the resulting CR emission relative to that of TR, because
theL2 dependence of the CR power on path length eviden
Eq. ~2.5!.

A. Electron beam

The Argonne Wakefield Accelerator~AWA ! @27# at Ar-
gonne National Laboratory provided our electron bunch
AWA produces electron bunches of mean energy 15.2 M
and a bunch length of;1 cm. The transverse distribution a
the exit to the beam pipe was Gaussian withs'7 mm. The
beam was pulsed once per second with a beam current
able from 0.5 to 25 nC/pulse. The beam current was m
sured bunch by bunch using an integrating current tra
former ~ICT!. The ICT produced an output voltage puls
proportional to the measured bunch charge, which was
corded event by event.

B. Target

The target geometry is shown in Fig. 1. The target co
sisted of an 80-cm-diam by 55-cm-high polyethylene t
~wall thickness;3 mm) with a 6-in.-diam, schedule 40 PV
pipe penetrating its side. We used an empty tub for our ini
runs with the PVC pipe left open on both ends. Thus
beam exited the accelerator through a 3-mil aluminum w
dow and ranged out in air several meters beyond the exp
ment.
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FIG. 1. Two sectional views of the target ge
ometry.
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In subsequent runs, we filled the tub with 360 kg of sili
sand, to within 7 cm of its top. The grain sizes were fai
uniform with 300-mm diameters. The average density~in-
cluding the packing factor! was 1.58 g/cm3. We measured
the index of refraction of the sand at 2 GHz to be 1.
60.01, indicating that the water content was less than 3%
weight @28#. The attenuation of microwaves by 1 m of such
dry sand is small, amounting to a loss of about 1.3 dB a
GHz. For the sand runs, the PVC pipe was capped wit
quartz window at the internal end to hold in the sand. O
original intent was to lead the vacuum beam pipe into
center of the target but this proved impractical due to di
culties in adequately supporting the beam pipe. Thus
electron bunches were transmitted through the alumin
vacuum window at the end of the beam pipe, through ab
50-cm air, and entered the target through a quartz window
about 6-mm thickness.

We placed 20 dB of RF absorber above and below the
to minimize reflections. To suppress RF emission from
TR at the beampipe into the backward direction, we gen
ally ran with 20 dB of RF absorber along the side of t
beampipe, as shown in Fig. 1.

C. Simulation of the expected electron shower

To characterize the expected shower behavior, it w
simulated using the EGS4 Monte Carlo@29# assuming that
the material was quartz, but with the density adjusted
match that of the sand. This allowed us to estimate the
gitudinal development in electron number as well as
y
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elongation and lateral growth of the shower. The results
one such simulation are shown in Fig. 2. Here the cu
marked (Ne22Ne1)/Ne2

inc shows the evolution of the elec
tron number as a small shower develops in the initial f
cm, and then dies out, with a long tail of stragglers. T
other two curves show the expected growth in the rms siz
both transverse (X rms) and longitudinal (Z rms) directions.
Based on these results, we expect the CR emission in
sand to be primarily from the;(324)-cm region of the
shower maximum, with some additional contribution due
Compton electrons extending out to;20 cm or more. This
latter contribution is reduced due to the increase in the bu
size, which decreases the coherence of radiation from
portion of the electron shower.

D. Antennas

We received the RF emission signal using a pyrami
horn, with a nominal half-power bandpass of 1.7–2.6 G
and directivity of 15.3 dB at 2.15 GHz. The rectangular a
erture of the horn was 36.5 cm (E plane! by 27.3 cm (H
plane!. The angular response of the antenna is shown in
3. Phase errors at the front of the horn relative to its thr
cause the effective area of a horn to be less than its geom
area. We calculated the ratio of effective aperture to geom
ric aperture to be 0.51, which is typical for such horns. Us
a network analyzer, we estimated further inefficiencies d
to impedance mismatches and Ohmic losses to be of o
10%. We estimate our ability to point the horn to be 5
corresponding to a 2 dBloss on average.
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FIG. 2. Simulation of the ex-
pected electron shower distribu
tion for the 15.2 MeV electron
bunch from the AWA facility,
here done for quartz scaled for th
lower density of sand used. Th
fractional number curve repre
sents the net charge, accountin
for the positrons produced. Th
change in rms bunch dimension
during propagation through the
target is denoted byZ rms ~longi-
tudinal! andX rms ~transverse!.
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We used a balanced half-wave 6.9-cm dipole with a h
power bandwidth of;700 MHz centered at 1.8 GHz to pro
vide a trigger. The dipole signal had a risetime of;150 ps
and provided a trigger stable to 40 ps or better.

The antenna positions are shown in Fig. 1. The dipole w
50 cm from the exit of the beampipe at an angle of 70 ° fr
the beam axis, and was stationary during the course of
experiment. The horn was moved along a fixed radius fr
the target center to a series of fixed angular positions fr
0 ° to 135 °. The outputs of the two antennas were fed w
out amplification into 20 m of coaxial cables, which broug

FIG. 3. Calculated angular response lobes of the pyram
horn. The solid and dashed lines are for theH andE plane, respec-
tively.
f-

s

he

m
-

t

the signals into the control room with a total attenuation
6–7 dB.

As is typical for an accelerator experiment which must
done within the confines of a shielded vault, we were limit
in our ability to place the antennas farther than about 1–2
from the source of the radiation. Thus the response of
horn will be affected by near-field~Fresnel zone! effects. The
primary effect within the Fresnel zone is a loss of anten
efficiency due to wave front curvature, which produces
phase error across the receiving aperture. Using calculat
in Ref. @30#, we estimate these effects to cause a 0.25–0.4
power loss, depending on the angle of the horn.

E. Data acquisition

All measurements of pulsed RF emission were done in
time domain using a Tektronix 694C real-time digital sa
pling oscilloscope with a 3-GHz bandwidth and 10 GS
eight-bit linear digitization of four channels. The signa
from the horn and dipole required no amplification; in fa
because of the strength of the coherent radio emission
duced voltages in the antennas had to be limited by RF
tenuators~typically 20 dB!, to bring the signal into an ac
ceptable range for the 50-V scope inputs. The scop
produces a time series of the voltages interpolated fr
100-ps to 40-ps resolution, which is slightly faster than t
input channel risetime, measured by Tektronix to be in
range of 50–60 ps. Thus we were able to sample the
bandwidth of the antenna outputs and thereby make di
measurements of the electric-field intensities, mediated o
by the response of the antennas and cables used. The e
lent time resolution was useful for identifying spurious r
flections from structures near the target. For each meas
ment, between 12 and 50 triggers were recorded. All of
recorded pulse profiles were far above ambient RF noise
els, and the pulse-to-pulse variation in the profiles is ty
cally less than 5% per sample.

al
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F. Power and voltage measurements

Detected pulse energy at the face of the antenna was
culated by summing 4V2/(50V)(V is the measured voltage!
over a 3-ns window~75 bins! defined by the primary radio
pulse from the electron bunch, either from the Al window
the beampipe~for the TR runs! or the target center~for the
CR runs!. During this time window, the power contribution
from spurious reflections were negligible. The factor of
accounts for voltage dividing between the antenna and lo
We measured the 3-ns time window to contain 98% of
total pulse energy as measured at the scope. The origin o
window was shifted to account for different propagation d
lays in the sand and air~1 ns!. The raw recorded voltage
were corrected directly for the effects of attenuators, ca
and adaptor losses, near-field losses, transmission loss,
ture inefficiency, and pointing errors described above.

G. Data sets

All of the data presented in this paper were taken ove
two-day period, Sept. 23–24, 1999. Except for the ‘‘pure
runs,’’ the measurements were taken 107.3 cm from the c
ter of the tub with the horn pointing at the tub center.

~i! Pure TR runs. To establish the baseline TR contrib
tion without possible CR effects from the target, we to
data with the tub removed so that the only significant rad
tion would be TR from the aluminum beampipe vacuu
window. Measurements were made with the horn at 8.5
16.6 °, pointing directly at the aluminum window. The ho
was placed 183 cm from the foil for these runs.

~ii ! Empty-target runs. Additional TR measurements wer
made using an empty target without the quartz window
place. Our initial goal here was to allow for the possibility
subtraction of the TR signal from the target-full runs, thu
complete set of angular measurements were made, unde
same configurations as the full-target runs, that is, with
horn always pointing toward the target center. Howev
since neither sand nor the quartz window was present,
observed emission received by the horn actually eman
from the beampipe end. Emission of TR from the beamp
end is thus received off-axis by the horn at a given angu
position, and must be corrected for the known beam respo
of the horn, which we have done. Measurements were ta
at 15° intervals from 15° to 135°. In addition, measureme
at the 45 ° position were repeated at a range of beam curr
to measure the coherence properties of the TR in our ba

~iii ! Full-target runs. With sand in the target, the electron
produce TR as they pass through the beampipe end,
both TR and CR as they enter the target. TR emission fr
the end of the beampipe will undergo refraction through
target. Refraction is less of an issue for CR and TR emiss
from the sand and quartz window, because we chose
cylindrical geometry to minimize such effects. However, a
assessment of full-target contributions of the strong
emission due to the beampipe end must account for the
fractive effects of the target. Measurements were taken
15° intervals from 0 to 135°. For a subset of angles, we a
measured the polarization of the radiation.

~iv! Diagnostic runs. We took several special runs wit
strategically placed absorber sheets to allow for compar
studies of different portions of the observed time structure
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the pulses. For example, we placed an absorber over
portion of the target viewed by the horn to allow us to ide
tify multipath reception which was not directly associat
with the target. Thus we identified unwanted reflections a
eliminated them from consideration in the analysis.

IV. RESULTS

A. TR measurements

To provide the simplest geometry for subsequent anal
of the TR emission, we made several runs without the la
target present. To identify any possible emission from st
surface currents, diffraction, or image charge effects t
might be induced by the beam along the beampipe, we m
identical measurements in this sequence both with and w
out a 0.730.7 m grounded piece of heavy Al foil several c
downstream from the vacuum window. The thickness of
foil ~several mil! was well above the skin depth at our fre
quencies, and was intended to provide a TR radiator pl
much larger than the wavelengths of interest.

Figure 4 shows the measured field strengths for the
angles. The field strengths are corrected for attenuation
referenced to a distance of 1 m. Conversion of the measu
voltages to field strengths requires a knowledge of the ef
tive height of the antennas used; we estimated these to b
cm for the horn and 7 cm for the dipole. The time axis
relative to the dipole trigger, shown in~c!, which had a
shorter cable length and was closer to the source. The e
sion with the large foil present is shown as solid lines, a
that without the foil as the dotted lines. There is essentia
no difference between the two. We conclude that there w
no contribution due to unexpected image charge or ot
effects from the beampipe end.

There is a marked difference in the pulse shapes betw
the dipole and horn, which is likely to be due both to diffe
ences in the effective bandwidth of the two antennas an
partial impedance mismatches in the cables. However
both cases the full width at half maximum~FWHM! of the
pulses is of order 1 ns, which indicates that the detec
pulses are band-limited, sinceDT.1 ns.(D f )21. This is
consistent with the view of TR as a process which arises v
rapidly as the electrons cross a dielectric boundary, in
case from aluminum to air.

One might expect that there is some contribution to
measured pulse energy from CR along the air path within
acceptance angle. However, because the effective path le
for CR production is fairly short in this case, and the micr
wave index of refraction of the air is close to unity, the C
contribution can be neglected with respect to the TR.

The fully corrected pulse energy measurements and th
predicted by Eq.~2.1!, where we have assumed that the re
part of the Al dielectric constant ise r510 at 2 GHz, are
shown in Table I. For the horn measurements, the two ar
disagreement by a factor of nearly 30. For the dipole,
single measurement at an angle of 70° appears to give
more power than expected from the theory. As yet,
source of these discrepancies is not completely underst
and resolution of this issue is the subject of further work. W
do however, expect that the systematic uncertainty in
absolute calibration is as much as 50%, which can acco
for a portion, though not all, of the difference.
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FIG. 4. Typical horn and dipole measure
field strengths from TR produced at the beampi
end. ~a!, ~b! Field strength from the horn are
shown for two angles, with~c! showing the cor-
responding strength measured at the dipo
which was fixed in angle at 70 °. The solid an
dotted lines in~a! and~b! are from runs with and
without a foil shield as described in the text.
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B. Coherence of TR

A crucial feature of this radio emission necessary for
application to detection of high-energy particles is its coh
ence. Figure 5 shows the behavior of the detected power
function of beam current for the no-target configuratio
where the radiation is expected to be primarily TR. Here
top points are from the dipole measurements, again a
angle of 70 ° from the beampipe end. The lower points
for the horn measurements, here all taken at an angle of
from the beampipe end. The solid lines have a slope o
representing the expected behavior for power proportiona
Ne

2 ~full coherence!.
The quadratic dependence of power with the numbe

electrons per pulse is evident, although there is some de
tion from this at the highest pulse charges. It is unknown
this time whether this deviation is intrinsic~for example,
from space-charge effects! or is due to nonlinearity in the
ICT.

C. TR angular power distribution

In Fig. 6, we show a plot of the angular power spectru
measured by the horn for runs where we expect TR to do
nate: the original low-angle runs with no target present~solid
points! and the empty-target runs~open points!. The power

TABLE I. Measured and calculated pulse energies for the
runs.

Antenna
Angle
~deg!

Measured energy
(m J/sr)

Calculation
(m J/sr) Meas./Calc.

Horn 8.5 5.8 156.0 0.037
Horn 16.6 1.7 45.5 0.037
Dipole 70 21.6 3.3 6.25
s
-
s a
,
e
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e
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2,
to

f
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for the latter case has been corrected for the beam resp
of the horn~see Fig. 3! and for the varying distances of th
antenna position with respect to the beampipe end. The
tical error bars are statistical, and the horizontal bars sh
the acceptance angle of the horn. The data are plotted

FIG. 5. Detected energy per pulse as a function of beam curr
The upper points correspond to the dipole and the lower points
horn. All power measurements have been normalized to 15 nC e
tron bunches. In this configuration, the primary radiation is e
pected to be transition radiation from the Al vacuum window. T
solid lines are theNe

2 behavior if full coherence is obtained, no
malized to the lowest beam currents. In this and subsequent p
‘‘log’’ indicates the logarithm base 10.
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cording to the effective angle with respect to the beamp
end. As we noted previously, Cherenkov emission from
air path does not contribute significantly in this case.

The plotted solid curve shows the expected theoret
angular distribution for TR, assuming an Al-to-air interfac
and the dielectric constant as noted above. The curve sh
the overall discrepancy in pulse energy with respect to
data we have noted above in Table I. The dashed curve is
same TR distribution, now normalized to the data value
8.5 °. The data show reasonable agreement with the expe
angular dependence, with some probable systematic di
ences between the target-absent runs and the target-e
runs.

D. Comparison of target empty to target full

In Fig. 7, we plot an angular sequence of profiles of
received pulses from the target. The solid lines correspon
pulse profiles with the sand in, and the voltage scale at
corresponds to these profiles. The dotted lines show the p
profiles for the same sequence of pulses for the case w
the target was present but had not yet been filled with sa
and the voltages have been scaled arbitrarily to fit them
the corresponding target-full profile. No measurement at
was made in this case since the antenna would have
within the beam. All pulse features later than;16 ns in the
target full profiles~later than;15 ns in the overlain target
empty profiles! are due to reflections from objects near t
target, as we confirmed with diagnostic runs during the
periment. In each case, the trigger is identical, and the a
lute timing is preserved to a small fraction of 1 ns. Thus

FIG. 6. Average microwave pulse energy plotted as a func
of the angle for the target-empty case. Here we have corrected
energy for the beam response and the differing distances. All po
measurements have been normalized to 15 nC electron bun
The error bars are statistical in the vertical direction and repre
the half-power angular acceptance of the horn in the horizo
direction. The solid curve is the expected distribution for TR fro
the aluminum vacuum window.
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timing differences between the plots for different angles
for the target-empty vs target-full case arise from differen
in the target geometry and the position of the source of
radiation.

There are two obvious distinctions between the traces
full target ~solid! and empty target~dotted! in Fig. 7. First,
the ‘‘full’’ profiles at low angles appear about 0.8 ns lat
than the corresponding ‘‘empty’’ profiles. This is expect
since the refractive index of the sand induces a delay for
radiation that propagates through it, whether it originates
the end of the beampipe or from the center of the target.
index of refraction for silica sand at these frequencies is
pected to be in the range of 1.5–1.7 depending on w
content; our data indicate a value 1.55 as noted above.

Second, the target-full profiles in general remain cente
around 13 ns, rather than showing the progression to ea
times that is evident in the target-empty data. This indica
that the emission in the target-full case arises from near
center of the target, since the horn antenna position was
fixed radius from this point. The delay of these pulses is a
consistent with the geometry.

For example, in the 75° profile, there is a 2-ns delay
the full-target pulse relative to the empty-target pulse. Fr
Fig. 8, the delay should correspond to the difference betw
the direct ray path from the beampipe end to the horn~for the
empty target case! and the composite path in the full-targ
case, including the beam path from beampipe end to
target center and then from the target center~where the RF
emission is formed! to the horn. Thus the delay should be

t5c21~A/b1nB1C2D !, ~4.1!

where A,B,C,D are the distances from the end of th
beampipe to the target center, the target center to the ta
edge, the target edge to the horn face, and the beampipe
to the horn face, respectively.

Since A.70 cm, nB.1.5340 cm, C555 cm, andD
5130 cm, the expected delay is 1.75 ns, consistent w
what is observed, within the errors in our knowledge of t
target position. Note that the polyethylene tub and PVC p
in the case where the target is empty have a negligible ef
on the pulse propagation since they have modest microw
dielectric constants, and thicknesses much less than a w
length.

Based on the timing analysis presented here, we t
identify the time window between 12 and 15 ns as the r
evant portion of the plot in which to evaluate the possib
presence of a radiation component emanating from the
gion near the target center. We will focus our attention
the pulse energy in this time window in the sections th
follow.

E. Target-full angular power distributions

With the target filled, we now expect production of R
emission from the beam dump region. In addition, there
still TR emitted from the beampipe end which now pass
through the target, where it is significantly refracted by t
cylindrical geometry and the refractive material prese
Thus although the target is designed to allow for rad
propagation of emission from near its center with minim
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FIG. 7. Typical traces of horn response versus angle. The pulses from the sand remain in phase as the angle is changed, con
power emanating from the center of the target. The angular dependence of the time delay for the empty target is shown for com
dotted lines.
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effects from refraction, the refraction of emission not orig
nating at the target center will be significant and must
explicitly accounted for.

Figure 9 shows the behavior of some of the rays ass
ated with the beampipe end TR, calculated using stand
geometrical ray-tracing equations. As the radiation enters
target along the PVC input pipe wall, it is initially refracte
away from the beam axis. Upon arriving at the target bou
ary, however, the large change in the index of refract
from sand to air tends to produce total internal reflection
rays at large angles, and those that do escape tend t
highly forward-beamed. The net result is that none of the
from the beampipe end can propagate to angles greater
;50° with respect to the target center. In fact, the transm
sion coefficient at angles just above the angle of total inte
e

i-
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-
n
r
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R
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reflection are also quite small, and combining this effect w
the forward-peaked nature of the TR from the beampipe,
find that there is virtually no contribution from the beampi
TR beyond the 45° position.

Figure 10 shows the measured pulse energy~normalized
to unit solid angle! at each of the angular positions aroun
the target-full case. We have also plotted~dashed curve! the
expected CR angular spectrum from the target center, u
the measured index of refraction of the sand and the p
dicted length of the electron cascade near target center, t
here to be 4 cm. This curve was scaled down by a facto
30 to match the lower TR curve in Fig. 6. We have al
plotted an estimate of the angular intensity of the forwa
lensed TR~dotted lines!. This curve has considerably mor
uncertainty since it depends on both the accuracy of our
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tracing and on theoretical estimates for which the assum
conditions~infinite media and track lengths! do not apply.

At angles smaller than;50°, the TR from the beampip
is focused forward by the target and adds to the CR from
target center. For 50°,u,;90°, we expect little or no con
tribution of TR from the beampipe, and we assume forw
TR from the quartz window is suppressed since the be
stops well within the formation zone. Thus we expect CR
be the main contribution here. Atu@90°, both CR and
backward TR from the quartz window contribute, thou
again the TR undergoes some focusing which tends

FIG. 8. An example of the time delay geometry for two differe
cases: emission from the end of the beampipe directly to the h
when no sand is present in the target, and the case of the beam
interacting with the target and producing emission radiated from
center to the horn, through the refractive target.

FIG. 9. Partial ray trace of the TR from the aluminum fo
through the sand target.
d

e

d
m
o

to

backward-beam it. We have not attempted to assess the b
ward TR in any quantitative way, but note that it is likely
contribute to the increased pulse energy seen at 135° c
pared to 90°.

It is evident from the plot that we have not yet seen
clear signature of CR at expected levels. In the remainde
this section, we present other evidence which, althou
somewhat indirect, does support the presence of CR e
sion in our observations, though it does not account for
observed power deficit.

F. Coherence at 60°

We are able to assess the coherence properties of
emission observed at 60° from the target center by inve
gating the variation of observed power with the intrins
variation of electron bunch charge within a run. Figure
shows a plot of the logarithm of the integrated power at 6
within this window as a function of the logarithm estimate
electron number in the beam pulse. The fitted slope of
distribution is 1.9360.09, which is consistent with the emis
sion being primarily coherent. Partial loss of coheren
might be expected in this case since the beam must pr
gate through 50 cm of air path before it enters the targ
Note that this plot does not cover as large a range of curr
as Fig. 5.

The observed level of coherence for these pulse charg
consistent within errors with the overall coherence of the
measurements presented above, since these measure
were made at beam currents which were at the high en
our range, where we had previously seen a tendency for
coherence to roll off. This observed coherence is of cou
expected from both TR and CR emission.

G. Polarization dependence

In the same way that we expect both CR and TR to
coherent emission processes, they share similar polariza

n,
rst

ts

FIG. 10. The measured pulse energy~normalized by solid angle!
at each angular position for the full target is plotted along with
theoretically expected Cherenkov angular distribution~dashed line!;
also plotted is the expected distribution of lensed forward TR~dot-
ted line!, based on the ray tracing described in the text.



ex
ar
th
hi

en
io

io
o

su
e

th
va
e
d

ve

o
e
ls
it
a
s

f

el
e

sual

in
are
e is
o-
the
r the

es
nd
we

at
of

tion
of

, a
iza-
the

the
za-
of

ne
are
hat
a-
at
are

lays
the
of

ove,
TR.
ing

es,
e
r-
e

res-

t
e
R.
nd

ent
so
that

hich
at

m
o
n

en

8600 PRE 62PETER W. GORHAMet al.
properties as well. In the limit of perfect coherence, we
pect both forms of emission to be completely linearly pol
ized in the plane containing the beam velocity vector and
direction of observation. For our observation geometry t
angle corresponds to 0°, or horizontal polarization.

A possible signature of a distinct emission compon
could be indicated by a significant change in the polarizat
state of the observed radiation over a particular range
angles. This is due to the fact that at certain angular reg
of our measurements, the received radiation is a superp
tion of TR refracted from the beampipe end~from different
ray paths! and possible CR from the target center. Such
perposition of components of different phases can be
pected to produce noisy polarization measurements wi
poorly defined plane of polarization. In contrast, obser
tions over an angular region where one radiation compon
predominates should have less noise and a more clearly
fined plane of polarization. This is in fact what we ha
observed.

Linear polarization measurements were made for four
the eight angles around the full target. These measurem
consisted of recording the field strength profile of the pu
at two orthogonal horn rotations around the axis normal to
receiving aperture. The microwave horn we employed w
designed to have a principal E plane, and had a cro
polarization rejection of;20 dB for linear polarization.
Given these measurements, we can estimate three of the
Stokes parametersI, Q, U, and V. If V0 and V90 are the
orthogonal voltage measurements, we have

I 5^V0
2&1^V90

2 &, Q5^0
2&2^V90

2 &, U52^V0V90&cosd,

whered is the phase difference between the orthogonal fi
components and the brackets^ & denote a time average. If w
assume that the circular polarizationV.0 on average, then

FIG. 11. Detected power plotted as a function of electron nu
ber in the beam pulse, for two target-full runs at a horn angle
60°. A fit to the slope of the ensemble of points is also show
Perfect coherence would give a slope of 2.0, complete incoher
a slope of 1.0.
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ucosdu.1 and these results can then be combined in the u
way to give the fractional linear polarizationP and the po-
larization anglef:

P5
AQ21U2

I
, tan 2f5

U

Q
. ~4.3!

The results for the four positions measured are shown
Fig. 12. The different angle positions around the target
plotted columnwise, and the intensity profile for each cas
displayed along the top row, followed by the fractional p
larization and the polarization angle along the bottom of
plot. In each case the data have been time-averaged ove
bandwidth-limited resolution interval~about 1 ns!. For the
fractional polarization and angle, only points with intensiti
greater than 0.05 of the maximum are plotted. For TR a
CR that arise from a single location and are unscattered,
expect the fractional polarization to be;1 and the plane of
polarization to be horizontal(0°).

We find that the characteristics of the polarization
angles greater than 50 ° are notably different from those
the forward angles where we expect significant superposi
of different forward scattered and reflected components
strong TR. At the 0° position with respect to the target
somewhat larger scatter in the angle of the plane of polar
tion is to be expected, due to the effects of being close to
polar axis. In contrast, the 15° position with respect to
target should give a more clearly defined plane of polari
tion but also shows a large scatter, consistent with mixing
multiple components in the TR.

At 60° we see a markedly different behavior in the pla
of polarization, with much less scatter and values that
close to 0°. This behavior is also present but somew
weaker at 90°. It is evident that both the fractional polariz
tion and the plane of polarization are more clearly defined
the larger angles. We interpret this as evidence that we
seeing a single coherent radiation component that disp
characteristics consistent with Cherenkov radiation from
target center. We cannot rule out a residual contribution
TR from the beampipe end here, but as we have noted ab
at these larger angles we do not expect to see significant

We have also considered the possibility that we are see
a wide-angle forward TR from the air-quartz-sand interfac
and little or no CR. Although we cannot rule this out, w
note that the bulk of the electrons stop well within the fo
mation zone~estimated to be 20–30 cm at 60°) and w
expect that the TR is thus suppressed. In addition, the p
ence of the sand surrounding the beam~at a radius of
;8 cm—less than 1 wavelength! as it traverses the targe
prior to penetrating the quartz window also ‘‘smooths’’ th
dielectric transition and will further tend to suppress the T
We note also that theoretical predictions for the power a
angular spectrum of TR for this interface are inconsist
with energy considerations, as we show in Appendix A,
we are unable to make reliable estimates of the power
might be present in this case.

V. DISCUSSION

In the preceding section we have presented results w
show a clear signature of coherent transition radiation
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FIG. 12. The normalized
power profile in the primary pulse
is plotted along the top row, fol-
lowed by the fractional polariza-
tion and the polarization angle, fo
four positions measured aroun
the target. The fractional polariza
tion and corresponding angle ar
only plotted where the power is
greater than 0.05 of the maximum
The resulting scatter is thus intrin
sic, not statistical. The plane o
polarization is expected to be
;0 ° for direct CR or TR. In each
case the data have been smooth
to the approximate bandwidth
limited resolution with a boxcar
filter.
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GHz radio frequencies from electron bunches. Although t
result is not surprising given similar results at far infrar
and submillimeter wavelengths, it is to our knowledge t
first such demonstration at these longer wavelengths.

In addition, we show evidence consistent with a Cher
kov component in the emission from our target. This e
dence relies primarily on the design of the target, which p
duces an angular window where the TR emission
suppressed, and is strengthened by the presence of a dis
linearly polarized component in the emission near the Ch
enkov angle, which contrasts sharply with the TR seen
other angles. However, we have not yet observed ei
Cherenkov or transition radiation that is consistent with
expected power in our experiment.

One possibility is that complete coherence is not fu
obtained in either our TR or CR production, due to possi
saturation or self-quenching effects in the electron bun
There is in fact some evidence that a partial loss of coh
ence is present in the TR runs~see Fig. 5!. This effect ap-
pears to set in only at the highest beam charge values
discussed in the following subsection, such a roll-off for t
highest energy showers must happen at some point.

A. Implications for cascade radio emission

If we take the value ofNe as a measure of the charg
excess in a cascade, we can associate our measurement
an equivalent cascade energyEe.Ne/0.2 GeV, where we
have assumed here that the charge excess is 20% of the
charge near the shower maximum. For the bunch charge
is
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our experiment,Ee.531020–1021 eV, corresponding to en
ergies that equal and exceed the highest energy cosmic
cascades detected to date.

Zas, Halzen, and Stanev@11# have shown that high-
energy cascades in solid ice, under the assumption of
coherence, produce a total radio CR pulse energyW which
can be written as

W.5310215S Ee

1 TeVD 2S nmax

1 GHzD
2

m J, ~5.1!

where nmax is the highest frequency observed~in practice,
loss of coherence sets in fornmax>2 GHz). This quadratic
dependence of radio power implies a saturation energy:
is, we can equate the total energy in Eq.~5.1! with the total
energy in the shower to derive an upper limitEmax for the
maximum energy at which this relation can be valid. Th
we find

Emax5331024 eV, ~5.2!

which is only a factor of 600 above our highest equivale
cascade energy. However,Emax represents the value at whic
all of the shower energy is lost to the RF pulse; in fact
more conservative approach would require some type of
uipartition of the shower energy among other energy-l
mechanisms such as ionization, and would require that
radiation reaction of the shower conserve total momentu
Thus we predict that Eq.~5.1! must begin to lose validity a
some critical energyEcrit5eEmax, where we expect tha
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e<0.1. Our data in fact suggeste;0.001 if the loss of co-
herence we observe at the highest bunch charges is du
some related effect.

Similar arguments can be applied directly to the theor
cal power expected in our experiment from both CR and T
If we integrate over just the forward angles for our expe
mental conditions, the total expected power in our passb
is .60 mJ. The total energy per electron bunch isNeEe
.2.23105 mJ for 15 nC and 15.2 MeV electrons. Thus t
theory predicts that about 1 part in 3600 of the bunch ene
to be radiated in our band for fully coherent emission. Ho
ever, this implies that only a factor of 60 increase in t
bunch charge would lead to a complete loss of energy of
bunch to coherent RF emission. Thus it appears that
experimental condition may be more severely affected
possible loss of coherence than Eq.~5.1! implies.

B. Lower limits on cascade power atE0Ð1020 eV

In spite of the difficulty in finding a satisfactory resolutio
to the apparent discrepancies in observed vs theore
power, we can still use our observed values to derive lo
limits on the expected power from both TR and CR fro
cascades in materials similar to what we have observed.
TR, refractory materials such as sand, lunar regolith, or
produce nearly the same spectrum as the aluminum win
used on our beampipe end. Thus our results are directly
plicable to cascades that encounter interfaces in these m
rials, for example a cascade that emerges from the mat
into either air or vacuum is closely analogous to what
have observed for TR. In the CR case, our results are m
uncertain but may still provide a preliminary experimen
lower limit in estimating cascade emission.

1. Transition radiation

The highest values in our TR measurements of the p
energy were;6 mJ sr21. Converting these to the flux den
sity units commonly used in radio astronomical measu
ments, we estimate that the TR flux density produced at e
from a cascade ofE05531021 eV emerging from the sur
face of the lunar regolith is

S~u.10 °!>5000S E0

531021 eV
D 1.9

Jy, ~5.3!

where 1 Jy[10226 W m22 Hz21. Since the TR angular dis
tribution appears to be confirmed by our data for these c
ditions, we can also estimate that the maximum flux den
for this case, at an angle of;1.5 ° from the cascade axis,
about a factor of 20 higher than at;10 °:

Smax~u.1.5 °!>105S E0

531021 eV
D 1.9

Jy. ~5.4!

The large antennas used in lunar pulse searches have
onstrated the ability to achieve noise levels of order 400
@10# or less. Thus it appears that the energy threshold
detection of events by TR alone is 531020 eV. Here we
have not considered the indications of higher measured p
to
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energy given by our dipole measurements. If these results
correct, the energy threshold may be an order of magnit
lower.

These results support the claim@14# that TR detection of
cascades is feasible for the case that a cascade em
through some surface into a medium transparent to ra
emission, and this analysis also applies to detection of c
cades on earth. For example, our measurements coul
applied to the case of a shower that was initiated in air a
then entered ice near a subsurface radio array, such as
been proposed and prototyped in Antarctica@3,5,4#. In this
case, we can write the threshold energy more generally

Ethr
TR<531020S Dn

900 MHzD
21/2S Aeff

2500 m2D 21/2

3S R

3.83108 m
D S Tsys

220 KD 1/2

eV, ~5.5!

whereAeff is the total effective collecting area of the anten
or antenna array~including aperture efficiency!, R is the dis-
tance to the cascade, andTsys the system temperature. Her
we have assumed that full coherence obtains at lower
cade energies; thus the exponent for the energy term ab
was assumed to be 2.0 rather than 1.9 as we have used
highest energies.

If we apply this equation to the case of an antenna arra
ice comprising 10 m2 effective aperture, operating atTsys of
1000 K with a 900 MHz effective bandwidth, the system w
have a TR detection capability for cascades withE0.2
31016 eV entering the ice from above, out to a distance
250 m. However, we caution that the formation zone effe
may be important depending on how rapidly the near-surf
refractivity of the ice changes with depth.

2. Cherenkov radiation

Although we attempted to optimize our experiment in f
vor or CR detection rather than TR, we cannot yet claim
have made measurements of it adequate to allow us to m
definite statements about the application of these data to
detection of radio CR from high-energy cascades. One th
is much more clear to us after having performed this init
experiment than was evident in the literature: the proces
that produce these two forms of radiation are physically v
closely aligned.

The problem of separating the two forms of emission
particularly acute when the radiation can be formed in nea
the same physical location, such as at the quartz wind
entering the target in our case. In fact, the theoretical form
lations for TR at this point do not themselves clearly separ
the two processes, as we noted in an earlier sect
‘‘Cherenkov-like’’ components appear even in the TR equ
tions. Thus, we suggest that a more complete theoretical
sis for TR formation under realistic conditions with finit
track lengths and boundaries be developed.

An important aspect of the operating regime of our e
periment is that the detected Cherenkov power should s
quadratically with both the total track length as well as t
number of particles. For solid materials, the mean elect
energy near the shower maximum for a typical high-ene
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cascade is closer to;100 MeV rather than the 15 MeV use
in our experiment. Thus the total track length is much lon
and the Cherenkov production is more directive and the
fore more intense near its peak angle. Any scaling from
periments similar to ours must account for this effect.

If we do attribute the observed power of 0.014mJ sr21 at
our 60 ° angle primarily to Cherenkov radiation, we c
make a tentative estimate of the possible energy threshold
CR detection. A cascade of energy;1020 eV in ice or the
lunar regolith will have a length of order 10 m@11# near the
shower maximum. For this length, the implied angular e
hancement in the intensity is of order 104, giving
;140 mJ sr21, comparable to the observed TR intensity
an angle of;1.5 °. The implied cascade energy thresho
using the same arguments as above, is therefore compa
to that implied by our TR results. For the lunar regolit
Ethr'531020 eV, similar to values estimated from comple
electromagnetic simulations of ultrahigh-energy casca
@11,6,12#. If our assumptions are correct, this value is co
servative, and we expect further experiments to yield a
tentially much lower cascade energy threshold for cohe
Cherenkov detection.

C. Implications of RF lensing effects

In concluding this section, we note that the lensing effe
on the forward-beamed TR emission that we have obse
in our target-full configuration have potentially importa
implications for experiments to detect cascade emission f
the lunar regolith or other materials observed through a
fractive interface. Under these conditions, our results sug
that total internal reflection of the cascade radio emission
strongly suppress it at certain angles and under certain
metrical configurations.

This effect is potentially helpful in distinguishing pa
ticles such as hadronic cosmic rays or photons~which inter-
act immediately upon entering the refractive material! from
neutrinos~which can interact near the surface of the mate
after traversing it over large distances!. In the latter case
since the critical angle for total internal reflection is t
complement of the Cherenkov angle at a vacuum interfa
the CR can exit the surface into the vacuum. However, in
former case, the CR from the cascade will suffer total int
nal reflectance and will not emerge from the surface. Clea
surface irregularities at scales approaching an RF wavele
will modify this conclusion at some level, but to first ord
this effect will tend to suppress the detection of cosmic
events relative to upcoming neutrino cascades in lunar ob
vations.

VI. FUTURE WORK

Our ability to separate TR from CR in this analysis d
pended on the geometry and precise timing. TR from
vacuum window was lensed into most of our observ
angles. In a new experiment, with the window farther fo
ward, much of this effect will be avoided. In addition, takin
more position angles with full polarization measureme
will further assist us in separating prompt from lens
power.

Our results suffer in part from the difficulty of achievin
accurate power calibration. In future work, we will signifi
r
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cantly improve our power calibration capabilities. We wou
also plan to more carefully calibrate the beam current m
surements with a Faraday cup to determine if the appa
loss of coherence that we see at high beam currents is re
due to nonlinearities in our measurement.

Future experiments along these lines should also be d
using pulsed high-energy photons, whose radiation lengt
sand ~30–40 g cm22) will allow the shower to develop
within the target and will thus avoid the generation of tra
sition radiation at the beampipe end and entrance to the
get.

On the theoretical side, analytic or parametric formu
for dealing with disturbances of the charge inside the
formation zone would be helpful. We would also like to s
a theoretical understanding of the critical energy beyo
which the coherence fails to scale atNe

2 , which must be
important near the energies and currents we are using.
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FIG. 13. Predictions from Eq.~2.1! for emission of coherent
radio-frequency TR using various dielectric combinations. T
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an energy of 15 MeV with a bunch charge of 15 nC. In each ca
the solid curve gives the angular spectrum, the dashed curve
integral of that spectrum, and the dotted curve the total availa
kinetic energy of the bunch.~a! The metal-to-air interface.~b! The
aluminum-to-sand interface predicts a Cherenkov-like distribut
which appears to emit too large a fraction (;10%) of the total
energy into TR@~c! and ~d!#. The sand-air and air-sand interface
predict a complex behavior which is physically unrealistic since
total energy exceeds that of the available kinetic energy.
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APPENDIX: PREDICTIONS FOR RADIO-FREQUENCY
COHERENT TR

To illustrate some of the complexity in evaluating th
theoretical predictions for TR in the radio-frequency regim
we have calculated the forward angular spectra for TR i
number of configurations relevant to our experiment, us
Eq. ~2.1!. We have chosen a frequency range of 1.7–
GHz, corresponding to the range used in our experiment.
have considered emission from a single bunch of 15 M
electrons with a total charge of 15 nC. For our purposes h
we have scaled the results by a factor ofNe

2 , corresponding
to perfect coherence.

Figure 13 shows the results of this analysis for seve
combinations of upstream and downstream materials, n
in the panel text. In each case we have plotted the ang
spectrum predicted by Eq.~2.1! with a solid line. Also plot-
ted ~dashed curve! is the integral over the angles shown
the total energy of the pulse. The dotted curve shows
total available kinetic energy of the electron bunch.

In Fig. 13~a! we plot predictions for the case most com
monly encountered in the experimental literature for subm
-

ly
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limeter and far-IR measurements of TR from electr
bunches: radiation from the exit of the bunch through
beampipe metal window into air. In this case TR is forwar
peaked at an angle of;1/g, and the total energy radiated i
coherent TR in this case is;231024 of the available ki-
netic energy. As we have seen above, we find that our d
confirm the angular distribution shown here, though not
total pulse energy.

In Fig. 13~b!, we plot the prediction for the case of th
electron bunches exiting a metal window directly into a
electric material withn51.5 corresponding to silica sand a
we have used in our experiment. Here the strong peak a
nominal Cherenkov angle is evident, and the forward pe
seen in the previous pane is no longer present. Also imp
tant is the fact that the total energy in the coherent emiss
now approaches 10% of the available kinetic energy. T
prediction thus appears to be physically improbable.

In Figs. 13~c! and 13~d! we see even more complex be
havior in the cases of sand-to-air and air-to-sand transitio
Clearly in both cases the predicted total energy exceeds
available kinetic energy and thus the theory appears to
inadequate in treating this combination of parameters.

This example highlights two issues that we have faced
this experiment. First, what is the actual TR angular dis
bution in cases that differ from the simple metal-to-air inte
face commonly treated by the theory? Second, how do
resolve the issue of what fraction of the total energy in
particle bunch can reasonably be emitted into coherent ra
tion?
s
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